Abstract-This paper presents a new design concept to better control both passband and stop-band characteristics of distributed amplifiers (DAs) by using non-uniform filtering structures instead of conventional constant-k sections. Two circuit prototypes with Butterworth and Chebyshev filtering were designed using network synthesis method, and implemented in a 0.18¡ m digital CMOS technology. The Butterworth prototype achieved 11.7dB gain, 9GHz bandwidth, and -5dB/GHz roll-off. The Chebyshev one achieved 10dB gain, 8.5GHz bandwidth and -8dB/GHz roll-off.
I. INTRODUCTION
Rapid progress in wideband communications, such as ultra wideband (UWB) and fiber-optic systems, are driving demands for front-end amplifiers with multi-gigahertz bandwidth. Distributed amplifiers (DAs) have always been one of the top choices for wideband amplification [1] - [3] . Recently, advances in silicon technologies make it possible to build fully-integrated CMOS DAs with multi-GHz bandwidth [4] - [8] , which are very attractive because of silicon's low cost and integration capability with baseband circuits.
Not surprisingly, most of these research efforts focus on achieving large bandwidth, which means that the design usually addresses only the passband characteristics of DA's frequency response. On the other hand, wideband systems increasingly require good out-of-band spectrum control to reject interference and reduce noise. For example, in impulse radio UWB systems, there are very stringent requirements on the signal spectrum due to concerns of interference with existing wireless services [9] . Therefore, tighter control over the overall DA frequency response is needed, and good stopband characteristic is highly desirable. This is particularly important for CMOS DAs since they tend to have a slow slope in the stop-band due to the lossy on-chip transmission lines. This paper will demonstrate a new design concept for DAs: by synthesizing the (artificial) transmission lines as nonuniform filters with specific frequency response, the DA's spectrum can be controlled not only within the pass-band, but also in the stop-band.
II. NON-UNIFORM FILTERING
Conventional DAs usually use constant-k sections as the basic iterative structures in the gate and drain lines, and hence the latter become uniform (artificial) transmission lines (Fig. 1) . M-derived sections are usually used at terminations to improve matching. Although widely adopted, constant-k sections are only one of the possible filtering structures in distributed amplifiers. The necessary condition for distributed amplification is that the signals traveling in the forward direction add in-phase, and those traveling in the reverse direction are absorbed by terminations. Therefore, non-uniform filtering structures may also be used for transmission lines in the DA design.
Can the phase synchronization be maintained if we use a non-uniform filtering structure in a distributed amplifier? To answer this question, we analyze a DA with lossless nonuniform filtering structures, and ideal transistors (unilateral and no parasitic resistance), as shown in 
It can be shown [10] that for a lossless passive network split into two parts like in Fig. 2 ,
. Therefore, the synchronization requirement is satisfied within the passband, given that both transmission lines are matched at terminations (
). Note that the phase synchronization condition (Eq. (2)) implies maximum power transfer in the pass-band, but is generally not satisfied in the stop-band, which usually helps the stop-band performance.
In the prototypes we report below, the filtering structures of the gate-line and drain-line are constructed as Butterworth and Chebyshev functions since both are common low-pass filters used in microwave applications. It is expected that given the same bandwidth, the Butterworth one is quite close to the conventional constant-k case, with flat response within the pass-band, while the Chebyshev one shows faster roll-off in the stop-band, but its phase response is less linear (Fig. 3) .
III. CIRCUIT DESIGN
We chose three-stage designs for the prototype DAs, which are typical for CMOS DAs. So the order of corresponding filters is determined to be seven. Network synthesis method [10] is used to generate the initial design. The normalized design parameters of LC ladder structure, beginning with a series element, for low-pass Butterworth and Chebyshev filtering, are shown in Fig.4 [10] . The real inductance and capacitance values can be scaled from the normalized filter parameters: is the normalized design parameter in Fig. 4 .
The schematic of prototype DAs is shown in Fig.5 . The cutoff frequency terminations are used in the measurement. The inductors are initially designed using Asitic to optimize for Q. Then the area of inductors is minimized to reduce the parasitic capacitance, which is important to maintain the constant inductance value within the pass-band. Then the complete gate and drain lines are simulated in Sonnet to generate wideband s-parameters for circuit simulation.
IV. MEASUREMENT RESULTS
The prototype DAs were fabricated using National Semiconductor's for the Chebyshev one. The power supply is 1.5 V for both DAs. The power consumption is 51 mW and 54 mW for the Butterworth and Chebyshev DAs, respectively.
The frequency responses of both DA chips were measured via on-wafer probing. Due to the inaccuracy of on-chip capacitors and the modeling of inductor loss, there is a sloping response below 2 GHz. The gain of the Butterworth DA is ' ' t A t y from 2.5 GHz to 9 GHz, as shown in Fig. 7 . The input return loss is better than within 9.6 GHz, and the output return loss is better than for the Chebyshev DA. It can be seen that both prototypes match the simulation very well.
The nonlinearity performance of the DAs is also characterized (Fig. 9) . The input IP3 of the Butterworth DA is better than 4.5 dBm from 2 GHz to 7 GHz. The Chebyshev one is better than 5 dBm from 1 GHz to 8 GHz.
V. CONCLUSION
We demonstrated that non-uniform filtering structures can be used in DAs for better control of the frequency response in both pass-band and stop-band. Prototype DAs with Butterworth and Chebyshev filtering designed and implemented using a 
